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the cells tended to shift into tonic firing during CCh. In contrast Acetylcholine is critically involved in promoting cortical to SCs, in non-SCs, CCh drastically affected firing behavior by activation and plasticity (Dunnett and Fibiger 1993; Winkler promoting the development of voltage-dependent, long-duration et al. 1995) . Cholinergic innervation of the cerebral cortex (1-5 s) slow bursts of action potentials that could repeat rhythmi-originates almost exclusively from a continuum of cells locally at slow frequencies (0.2-0.5 Hz). Concomitantly, the slow cated in the basal forebrain (Amaral and Kurz 1985; Rye et afterhyperpolarization (sAHP) was replaced by long-lasting plaal. 1984; Shute and Lewis 1967) , and the discovery that teau postdepolarizations. In both SCs and non-SCs, CCh also prothese cholinergic neurons degenerate in Alzheimer's disease duced conspicuous changes on the action potential waveform and (Geula and Mesulam 1994; Price 1986) has suggested that its afterpotentials. Notably, CCh significantly decreased spike amplitude and rate of rise, which suggests muscarinic modulation of they play an important role in mechanisms of learning and a voltage-dependent Na / conductance. Finally, we also observed memory (Dunnett and Fibiger 1993) . In the EC, basal forethat whereas CCh abolished the sAHP in both SCs and non-SCs, brain cholinergic afferent fibers densely innervate layer II the membrane-permeant analogues of adenosine 3,5-cyclic in the rat (Alonso and Köhler 1984), primate (Alonso and monophosphate, 8-(4-chlorophenylthio)-adenosine-cyclic mono- Amaral 1995) , and human (De Lacalle et al. 1994) . It is phosphate and 8-bromo-adenosine-cyclic-monophosphate, abol-the layer II EC cells that give rise to the most prominent ished the sAHP in SCs but not in non-SCs. The data demonstrate component of the perforant path, which activates the intrinsic that cholinergic modulation further differentiates the intrinsic elec-hippocampal circuitry (Steward 1976; Witter and Groenetroresponsiveness of SCs and non-SCs, and add support to the wegen 1984). In the EC layer II and several hippocampal presence of two parallel processing systems in medial EC layer II subfields, the activation of the cholinergic system during that could thereby differentially influence their hippocampal tarvarious wake states and rapid-eye-movement sleep promotes gets. The results also indicate an important role for the cholinergic the development of a very prominent rhythmic population system in tuning the oscillatory dynamics of entorhinal neurons. activity known as the ''theta rhythm'' (Alonso and García-Austt 1987; Bland 1986; Dickson et al. 1994; Mitchell and 1980; Mitchell et al. 1982) . The theta rhythm has been suggested to be instrumental in implementing synaptic The entorhinal cortex (EC) is crucially located within the plasticity Lisman 1993, 1996; Larson and Lynch 1986) , a basic mechanism for learning. parahippocampal region, providing bidirectional connections compare with CCh actions. Atropine (300 nM, to block muscarinic It has been proposed that the EC might achieve its memory responses) was superfused for 20 min before test applications of functions through synchronizing mechanisms (Damasio CCh. All drugs were purchased from Sigma except for TTX (Cal-1990) by which the activity patterns of the multiple cortical biochem).
inputs that converge on EC neurons may be temporally coorElectrophysiological parameters were measured as follows: acdinated for the production of a memory representation tion potential waveform was quantified in normal Ringer solution (Alonso and Klink 1993) . Synchronization and temporal and during CCh by eliciting a single spike from the control resting coordination of neuronal population activity can best be pro-membrane potential in response to a threshold current pulse; spike duced via intrinsic oscillatory mechanisms in some of the amplitude and fast afterhyperpolarizing potential (AHP) were meanetwork elements (König et al. 1995 The present study focuses on the analysis of cholinergic tailed Student's t-test. actions on oscillatory and repetitive firing properties in MEC layer II neurons as a step in understanding the cellular basis R E S U L T S of cholinergic involvement in rhythmic population activities and learning and memory in the EC. It has been shown, in
The present study is based on a database of 60 neurons from layer II of the MEC, recorded for ¢30 min in stable many cortical regions, that muscarinic receptor activation produces a long-lasting depolarization and enhancement of conditions and tested with bath applications of the cholinergic agonist CCh. Of these neurons, 10 were also intracelluthe intrinsic excitability of principal neurons (Krnjevic 1993) and also regulates synaptic transmission (Cox et al. larly injected with biocytin for morphological characterization. In control Ringer solution, all neurons had a resting 1994; Hasselmo and Bower 1992). The present study demonstrates profound and differential neuromodulatory actions membrane potential negative to 055 mV, an input resistance ú15 MV, and a spike amplitude ú60 mV. As previously of muscarinic receptor activation on SCs and pyramidal-like cells of EC layer II that collectively may facilitate network found (Alonso and Klink 1993), neurons fell into two distinct electrophysiological and morphological categories, the oscillations and bursts of activity. The results also support the view that two parallel channels of information processing SCs (n Å 34) and the non-SCs (n Å 26), whose main characteristics are summarized in Fig. 1 . In brief, SCs have with different integrative properties exist in layer II of the MEC (Alonso and Klink 1993) . Part of this work has already multiple primary dendrites and a widely branching upper dendritic tree (Fig. 1A, top) . Their subthreshold voltage been published in abstract form (Klink and Alonso 1992) .
responses to current pulses are markedly nonlinear, exhibiting pronounced time-dependent rectification in both the
depolarizing and hyperpolarizing direction (Fig. 1B, top) . (Figs. 1C, top, and 3A) . On DC depolarization, tonic firing the brain was rapidly removed, and a block of tissue containing is not readily induced in SCs. Instead, a 1-to 3-Hz repetitive the retrohippocampal region was placed in a cold (6-10ЊC) oxy-bursting pattern, constituted by nonadapting spike clusters, genated Ringer solution (see below). Horizontal slices (350 mm) emerges (Fig. 4A) . The majority of non-SCs has a pyramiwere cut with the use of a vibratome and then allowed to recover dal-like morphology, with one or two major apical dendrites at room temperature for ¢2 h in oxygenated incubation chambers. and a profuse basal dendritic tree (Fig. 1A, bottom) . Their For recording, a single slice was transferred to a recording chamber, responses to current pulses are easily distinguished from cal procedures followed for biocytin revealing were as described CCh (10-50 mM) applied at rest (SCs: 061.6 { 2.2 mV;
elsewhere (Alonso and Klink 1993). To block Na found in the magnitude of a 30 mM CCh-induced depolariza-frequency of the subthreshold oscillations in control Ringer solution was 9.2 { 1.0 Hz (measured at 053.5 { 0.8 mV; tion between SCs (4.3 { 2.7 mV; n Å 24) and non-SCs (3.7 { 1.8 mV; n Å 18). In a large majority of neurons (50 n Å 26), and it decreased to 6.3 { 1.1 Hz (measured at 055.2 { 1.3 mV) during CCh application. of 60), the CCh-induced depolarization was not accompanied by a measurable change in apparent input resistance at
The discharge in repetitive spike clusters typical of the SCs was also affected by CCh. Essentially, as in the typical the control resting membrane potential (e.g., Fig. 2 ). In the remaining neurons, the apparent input resistance increased case illustrated in Fig. 4 , A and B, the phenomenon of spike clusters was less robust during CCh in the sense that the by 19.7 { 6.4%. Again, there was no significant difference between SCs and non-SCs with regard to the magnitude of cells switched more readily from cluster discharge into tonic firing on membrane depolarization. Concomitant with the the input resistance increase (SCs: 18.5 { 5.3%, n Å 6; nonSCs: 21.2 { 9.2%, n Å 4). The CCh-induced depolarization CCh-induced decrease in the frequency of the subthreshold oscillations described above, there was a parallel decrease as well as all other CCh neuromodulatory actions on EC layer II neurons did not develop in the presence of atropine in the instantaneous intracluster firing frequency (Fig. 4C) .
Although the instantaneous intracluster firing frequency for (300 nM; n Å 5, not shown), therefore indicating their mediation through muscarinic receptors.
clusters of 3-5 spikes averaged 18.1 { 1.7 Hz in control, it decreased to 13.6 { 1.3 Hz in CCh (n Å 6).
SCs: oscillatory properties
SCs: spike train and action potential properties As illustrated in Figs. 2 and 3, the depolarizing action of CCh brought the membrane potential of the SCs to within
In SCs, the trains of spikes evoked by depolarizing current steps exhibit pronounced adaptation that, for large current the voltage range in which subthreshold oscillations develop. It was a consistent observation that during CCh the voltage pulses ( ú0.5 nA), leads to cessation of firing 100-200 ms after pulse onset (Alonso and Klink 1993) . This adaptation threshold for the ocurrence of subthreshold oscillations was shifted by Ç1-3 mV in the negative direction (Fig. 3A) . is primarily caused by the buildup of a Ca 2/ -dependent slow AHP (sAHP) (Klink and Alonso 1993) . We consistently More notably, in all SCs CCh substantially decreased the frequency of the subthreshold oscillations by Ç30%. Simi-observed that CCh application markedly reduced the spike train adaptation evoked by 250-to 350-ms depolarizing curlarly to the case illustrated in Fig. 3, A rent pulses, which caused repetitive firing to be present for Ringer solution (n Å 8). In control, all SCs displayed a bilinear f-I relationship for the first interspike interval (ISI), the entire duration of the pulse (Fig. 5A) . Concomitant with the adaptation block, CCh also abolished the sAHP follow-and a simply linear relationship for subsequent ISIs (Fig.  6A ). During CCh, in most SCs (7 of 8), the first ISI f-I ing the current-pulse-triggered spike trains (Fig. 5B) without affecting a medium-duration AHP ( * ).
relationship became linear, but its average slope (340.3 { 202.7 Hz/nA) was not significantly different from that of The actions of CCh on the SC input-output relationships the primary segment of the control f-I relationship (362.4 { were investigated in detail by analyzing plots of instanta-97.1 Hz/nA). This means that CCh did not significantly neous firing frequency versus injected current ( f-I relationincrease firing frequency at the begining of the current pulse. ship; Fig. 6A ), instantaneous firing frequency as a function of time after onset of the current pulse ( f-t relationship; Fig. In fact, on average, the slope of the f-I relationship for the second to the fourth ISIs was not significantly affected by 6B), and number of spikes as a function of injected current (S n -I relationship; Fig. 6C ), in control and CCh-containing CCh; it could slightly decrease in some cells (Fig. 6A) increase in others. CCh-induced increases in firing frequency separated by a depolarizing afterpotential (Alonso and Klink 1993) . As in the case shown in Fig. 7A , in all SCs, CCh (reflecting block of adaptation) were, however, always present after the fourth ISI and were particularly manifest for reduced the fast AHP (by 37 { 12%; n Å 22) without affecting the medium AHP, and in 56% of SCs, the depolarlarge current amplitudes. This CCh action was especially apparent when comparing the f-t plots in control and CCh. izing afterpotential was no longer manifest in CCh. Figure  7B shows in detail the alteration in action potential wave- Figure 6B depicts a typical f-t plot for a 1.0-nA current pulse in control () and CCh (᭡), demonstrating that CCh only form that was typically produced by CCh. It can be observed that CCh produced a small positive shift in spike threshold, had an obvious effect on adaptation after the fourth ISI. Note in fact that during CCh (᭡) the cell fired at a constant rate and decreased spike amplitude, rate of rise, and rate of repolarization. Although reduction in fast AHP and rate of repofor the second half of the currrent pulse, whereas in control (), firing frequency monotonically decreased and the cell larization may be explained by CCh block of repolarizing potassium conductances (Hille 1992), the other changes ceased firing after Ç125 ms of pulse onset.
It has been shown that changes in the area under the S n -cannot be ascribed to this mechanism. We have thus quantified these changes. In 88% of neurons (n Å 22), CCh in-I curve represent a good quantitative estimate of changes in adaptation . Figure 6C illus-creased the spike threshold by Ç1 mV, decreased spike amplitude by 8.9 { 2.8%, and decreased spike rate of rise by trates the S n -I plot for the same cell as in Fig. 6, A and B , and demonstrates that, for each current step, the cell fired 24.4 { 7.7%. In the remaining 12% of neurons, only the above mentioned decrease in fast AHP and a concomittant more spikes in CCh (᭡) than in control (), especially at high stimulus intensities. The same was observed in all neu-decrease in rate of repolarization were observed. rons tested (n Å 8). Integration of the S n -I curves gave corresponding S n -I areas for control and CCh. On average, SCs: subthreshold Na / -dependent potentials CCh largely increased the S n -I value by 88.8%, from 5.4 { 1.9 to 9.7 { 2.8 spikes per pulse 1 nanoamperes.
SCs exhibit pronouced ''sags'' in membrane potential in response to low-amplitude hyperpolarizing and, particularly, CCh also produced clear modulatory effects on the single spike afterpotentials and the action potential waveform itself depolarizing current pulses applied from rest [(Alonso and Klink 1993) ; Fig. 8 in this paper] . We demonstrated in a (Fig. 7) . In SCs, the action potential is followed by both a fast AHP (Fig. 7A, ᭡) and a medium AHP (Fig. 7A,  * CCh (right) . For the 1st ISI, the bilinear f-I relation in control became simply linear in CCh without a significant change in mean slope; for the 2nd and 3rd ISIs, f-I slopes were slightly smaller in CCh. B: instantaneous firing rate vs. time ( f-t) for a 240-ms pulse of 1.0 nA in control ( ) and during CCh (᭡). CCh had only a clear effect on adaptation after 50 ms of pulse onset. Dotted lines: double-exponential fits to data points. C: spike number vs. injected current (S n -I). CCh (᭡) increased spike numbers at all injected current intensities, with a more pronounced effect at higher amplitudes. All plots taken from the same cell. sag response is primarily generated by a time dependent CCh produced no detectable action on the subthreshold timedependent responses to depolarizing (Fig. 8B ) or small hyinward vectifier (I h -like current), the depolarization-induced sag and anodal break potentials are largely due to Na / con-perpolarizing (not shown) current pulses during Na / conductance block with TTX (n Å 6). Interestingly, in most ductance activation (Klink and Alonso 1993) . Given the above-described modulatory actions of CCh on the Na / -cases we observed that the CCh reduction of the Na / -dependent subthreshold responses developed before any measurdependent action potential and subthreshold oscillations, we also investigated whether CCh modulated the subthreshold able steady membrane potential depolarization took place. time-dependent voltage responses to current pulses. Figure  8A (Control) illustrates a prominent slow depolarizing po-Non-SCs: oscillatory properties tential followed by a sag to a lower level in response to an 0.1-nA current pulse (top), and a hyperpolarization-induced In contrast to SCs, non-SCs do not display rhythmic subthreshold membrane potential oscillations and, when DC sag and associated rebound potential in response to a 00.4-nA current pulse (bottom). Remarkably, during perfusion depolarized, readily go into tonic firing (Figs. 1C and 10 ).
This typical regular spiking was drastically affected by CCh. with CCh (30 mM) the slow depolarization-induced potential was largely reduced whereas the hyperpolarization-induced Remarkably, in most non-SCs (16 of 26), bath application of CCh induced a voltage-dependent repetitive bursting dissag was not significantly affected (Fig. 8A , CCh 30 mM and Control / CCh). The CCh block of the slow depolarizing charge that could emerge either spontaneously, by the direct depolarizing action of CCh, or on additional current injecpotential completely recovered after washout (Fig. 8A,  Washout) . This result, which was observed in all neurons tion. The bursts typically consisted of long-duration clusters of spikes with an accelerando-decelerando pattern separated tested (n Å 18), may be explained by a CCh block of a voltage-dependent Na / current. Consistent with this idea, by a silent interval with little hyperpolarization. We consid- ered that a cell displayed a repetitive bursting discharge 26), low-amplitude current pulses that reached threshold nonetheless triggered a long-lasting burst riding on a plateau when, every time it was depolarized to about 055 mV, a sequence of at least three slow bursts emerged. The CCh depolarization. CCh-triggered postdepolarizations and plateau potentials were also observed in all non-SCs tested in concentrations required to evoke this bursting response were the presence of TTX (1 mM, n Å 18; Fig. 9D ), thus indicatrelatively low, usually in the range of 10-30 mM. A typical ing that this phenomenon does not depend on the activation example is illustrated in Fig. 9 . In this neuron, bath applicaof the persistent Na / current that these neurons possess tion of CCh caused a small (Ç4 mV) membrane depolariza- (Klink and Alonso 1993) . tion to about 060 mV (Fig. 9A) . From this initial CCh
The ability of CCh to switch the firing pattern of the resting level, application of an 0.1-nA short current pulse non-SCs from regular spiking to rhythmic bursting, and the fired the cell and triggered a regenerative slow bursting patvoltage dependence of the bursting mode, are further demontern sustained by a very long-lasting (Ç1 min) depolarizing strated in Fig. 10 . Figure 10A illustrates the typical regular afterpotential ( Fig. 9A ; traces within the rectangle are exdischarge of a non-SC in control Ringer solution at different panded in Fig. 9B ). Individual bursts lasted for 2-5 s and levels of membrane potential depolarization and Fig. 10B repeated about every 6 s. Once the membrane potential reillustrates the actions of DC membrane depolarization on turned to the resting CCh level, further minimal DC depolarthe CCh-induced bursting discharge in the same neuron. ization (Fig. 9A, r) resumed the slow bursting activity Note that membrane depolarization first decreased the burstwhich then became self sustained. Figure 9C illustrates the ing frequency and increased the duration of the bursts (0.09 initial burst from Fig. 9B (enclosed in rectangle) at an exnA), and then gradually switched the firing pattern into panded time base and demonstrates that the burst considerrhythmic single spiking (0.10 and 0.11 nA). For compariably outlasted the duration of the pulse with firing frequency son, note that the 0.30-nA level in Fig. 10A (Control) and peaking toward the end of the pulse (at Ç114 Hz). Subsethe 0.11-nA level in Fig. 10B (CCh) correspond to approxiquent spontaneous bursts, although not stereotyped, were mately the same mean firing frequency (Ç15 Hz; note differrather consistent in pattern in terms of firing frequency and ent time scale). burst duration. As in this case, in all other non-SCs, CCh spontaneous bursts were always initiated by a ramplike depolarization that triggered spiking at a gradually accelarating Non-SCs: action potential properties frequency that peaked toward the end of the burst, then decreased rapidly with an abrupt membrane repolarization.
As in the SCs, the action potential in non-SCs is followed For any given cell and membrane potential, individual burst by a fast AHP and a medium AHP (Alonso and Klink 1993) . durations and interburst intervals could vary considerably Similarly to the SCs, in all non-SCs examined (n Å 15), (up to Ç100%), however. In those non-SCs that did not CCh reduced the fast AHP by 26 { 15% without affecting the medium AHP. Also, as in the SCs, in non-SCs CChdisplay a repetitive bursting sequence during CCh (10 of J239-6 / 9k0f$$ap15 08-27-97 14:46:56 neupa LP-Neurophys induced changes in action potential waveform were manifest.
We also considered that if CCh unmasks an afterdepolarizCCh increased threshold by Ç1 mV, and decreased ampli-ing potential by blocking the sAHP, then other agents that tude by 18.6 { 9.5% and rate of rise by 40.0 { 12.6%. The block the sAHP should, in principle, also promote postdepoCCh-induced reduction in action potential amplitude and larization and bursting activity in non-SCs. In addition to rate of rise was larger than that observed in SCs, but the acetylcholine, monoamines are also known to efficiently block difference did not reach statistical significance (P ú 0.001). the sAHP in hippocampal pyramidal cells and other brain neurons (McCormick and Williamson 1989; Nicoll 1988 ).
In non-SCs the sAHP is not modulated via adenosine
However, although in hippocampal pyramidal cells modula-3,5-cyclic monophosphate tion of the sAHP by acetylcholine involves the Ca 2/ -calmodulin kinase II pathway (Müller et al. 1992) , modulation of the The finding that CCh promotes long-lasting postdepolarsAHP by monoamines (including serotonin, norepinephrine, izations raises the question of whether muscarinic activation histamine, and dopamine) is mediated via adenosine 3 ,5-unmasks an afterdepolarizing potential or induces it. If, in cyclic monophosphate (cAMP)-dependent protein kinase addition to a slow Ca 2/ -dependent K / current, a slow in- (Pedarzani and Storm 1993, 1995) . For this reason, we examward current is also significantly activated during the sAHP, ined whether membrane-permeant analogues of cAMP could the reversal potential for the sAHP should be different from block the sAHP without unmasking any afterdepolarizing pothe K / equilibrium potential. We estimated sAHP reversal tential. To our surprise, bath application of 8-CPT-cAMP potential in both SCs and non-SCs by evoking trains of (n Å 4; Fig. 11A , left 2 panels) and 8-Bromo-cAMP (n Å spikes at different membrane potentials. The estimated sAHP 2; not shown) did not affect the sAHP or spike train adaptation reversal potential was approximately the same in SCs and (insets) in non-SCs. Consistent with this observation, we also nonSCs (095 mV, n Å 2, and 094 mV, n Å 3, respectively), found that serotonin had no effect on the non-SC sAHP ( Fig.  and this approximates the expected K / equilibrium potential 11A, right 2 panels; n Å 6), while still causing membrane for the extracellular K / concentration used in our experihyperpolarization via a direct action (not shown). On the ments. This observation suggest that an inward curent does not significantly contribute to the sAHP. of neurons from layer II of the MEC. Our findings demon-tor activation, a modest membrane depolarization of similar amplitude (Ç4 mV) in both SCs and non-SCs. This issue strate that the firing characteristics of the two types of projection neurons present in this crucial cortical layer, the SCs and is discussed in detail in an accompanying manuscript (Klink and Alonso 1997) , in which we provide evidence that the the non-SCs, are prominently yet differentially influenced by CCh. Whereas muscarinic receptor activation modulated in mechanism underlying the CCh-induced depolarization largely relies on the activation of a voltage-and Ca 2/ -depena rather subtle manner the subthreshold membrane voltage oscillations and spike clusters typical of the SCs, muscarinic dent nonspecific cationic conductance in both SCs and non-SCs. actions were very robust on the non-SCs and could transform their regular tonic firing into a slow repetitive bursting discharge. In addition, our data also demonstrate that SCs and Muscarinic actions on SCs non-SCs differ not only with regard to their electrophysiology and morphology, as previously reported (Alonso and Muscarinic receptor activation facilitated the development of oscillatory activity in SCs by depolarizing the membrane Klink 1993; Klink and Alonso 1993) , but also with respect to their metabolism, because, for example, the sAHP can be potential to within the voltage range at which the characteristic Na / -dependent subthreshold membrane potential oscillamodulated by cAMP-dependent protein kinase in SCs, but not in non-SCs.
tions of these neurons develop. That subthreshold oscillations persisted during relatively high concentrations of CCh Despite the differential effects on firing pattern, application of CCh (30 mM 11. sAHP can be modulated via the adenosine 3,5-cyclic monophosphate (cAMP) 2nd-messenger pathway in SCs, but not in non-SCs. A: in non-SCs, neither 300 mM 8-(4-chlorophenylthio)-adenosine-cyclic monophosphate (8-CPT-cAMP) (left 2 panels) nor the monoamine 5-hydroxytryptamine (5HT, 30 mM; right 2 panels) affect the sAHP or spike train adaptation (insets). B: in SCs, 200 mM 8-CPT-cAMP (left 2 panels) and 5HT (right 2 panels) block the sAHP and adaptation (insets). In all cases, the sAHP was evoked by generating a train of 27 spikes at 70 Hz with 2-ms suprathreshold current pulses. The spike trains in the insets were generated by depolarizing constant current pulses. In both SCs and non-SCs, 5HT caused a Ç2-mV hyperpolarization (not shown).
not essential for their generation (Gutfreund et al. 1995; derwolf 1988) . In a manner similar to that in which different ionic conductances in different neurons may determine the Klink and Alonso 1993). Membrane potential depolarization and development of subthreshold 5-to 10-Hz (theta-like; same pattern of activity (Alonso and Llinàs 1989 Llinàs , 1992 , the same modulatory system (in this case cholinergic) in Alonso and Llinàs 1989) oscillations in the SCs by muscarinic receptor activation is consistent with the well-estab-different neurons and networks (archicortex and periallocortex vs. neocortex) may well produce distinct patterns of lished role of the basal forebrain cholinergic system in promoting theta rhythmicity in hippocampal cortex and EC activity.
The phenomenon of spike clustering in SCs persisted, (Alonso and García-Austt 1987; Green and Arduini 1954). We observed that although the subthreshold oscillatory fre-although it diminished, during CCh superfusion. This result is somewhat paradoxical because we observed that, as dequency of the SCs is Ç9 Hz when DC depolarized in control conditions, the frequency of the spontaneous subthreshold scribed in many other cortical neurons (Constanti and Sim 1987; Cox et al. 1994; Hasselmo and Bower 1992 ; Lancaster oscillations decreased to Ç6 Hz during CCh. This frequency decrease agrees with the low-frequency range of the cholin- and Nicoll 1987; Madison and Nicoll 1984; McCormick and Prince 1986; Schwindt et al. 1988 ; Tseng and Haberly ergic-dependent theta rhythm (Bland 1986 ). In neocortical neurons, however, muscarinic receptor activation appears to 1989), muscarinic receptor activation blocked adaptation and the Ca 2/ -dependent sAHP following current-pulse-trigfacilitate the frequency of Na / -dependent intrinsic subthreshold oscillations (Metherate et al. 1992) . It may be that gered spike trains. The observation is consistent, however, with our previous finding that spike clusters also remain in the neocortex the cholinergic system is biased to promote high-frequency (gamma range) oscillatory activity that con-during Ca 2/ conductance block (Klink and Alonso 1993) and suggests that although the sAHP contributes to cluster stitutes the so called low-voltage fast activity typical of cortical activation (Alonso et al. 1996; Buzsàki et al. 1988 ; Van-generation, it is not an essential factor. J239-6 / 9k0f$$ap15 08-27-97 14:46:56 neupa LP-Neurophys Our analysis of the SC input/output relationship as as-neostriatal neurons (Howe and Surmeier 1994) and hippo(¢50 mM) can induce synchronized oscillatory bursting at position as an interface between the hippocampus and the neocortex and considering the established role of the neocor-4-10 Hz (MacVicar and Tse 1989) , or, during block of ionotropic glutamatergic and GABAergic transmission, very tical-hippocampal-neocortical circuit in memory function.
Neurons in EC layer II are particularly important in this slow (0.002-0.05 Hz) long-lasting (8-30 s) repetitive bursts (Bianchi and Wong 1994) . In contrast to the results (declarative) memory system because polysensory information from multiple cortical association areas converges on presented in the present study, CCh-induced hippocampal bursts are synaptically mediated. In a few experiments them and their output represents the almost exclusive source of sensory information to the hippocampus (Insausti et al. (õ10%), however, we did observe a transient synaptically mediated rhythmic population activity of EC neurons at the 1987; Ramon y Cajal 1902). The basal forebrain cholinergic system, which plays a role in memory (Dunnett and Fibiger begining of the CCh perfusion. We recently found that this epileptic-like activity develops with nearly every CCh appli-1993; Winkler et al. 1995) , densely innervates EC layer II neurons. Electrophysiologically, at the macroscopic level, cation and has a persistent character when an interface slice chamber is used. The properties and basis of this network activation of the cholinergic system produces theta rhythm in the EC and hippocampus, and rhythmic theta-related events oscillation are currently under investigation .
appear to influence memory mechanisms and function Lisman 1993, 1996; Winson 1978) . In the EC layer II, the genesis of the theta rhythm appears also to be cAMP pathway modulates the sAHP in SCs but not in directly related to the rhythmic subthreshold oscillations of non-SCs the SCs (Alonso and García-Austt 1987; Alonso and Llinàs We found that in the SCs the sAHP could efficiently be 1989). blocked by bath application of the cAMP membrane-perme- Lampl and Yarom (1993) recently showed that subthreshant analogues 8-CPT-cAMP and 8-Bromo-cAMP or by the old membrane potential oscillations can operate as powerful classical monoamine serotonin, as typically observed in synchronizing devices in a frequency-dependent manner. other neurons (Pedarzani and references Hopfield (1995) has also recently shown that a network of therein). However, interestingly and to our surprise, in the neurons having subthreshold membrane potential oscillanon-SCs none of these agents had any effect on the spike tions can exquisitely encode information by the use of action frequency adaptation or the sAHP. It thus appears that in potential timing with respect to an ongoing collective oscillathe non-SCs the signaling cAMP pathway is not operative tory pattern. The muscarinic induction of intrinsic oscillafor sAHP ion channel modulation. To our knowledge, this tions and modulation of oscillatory frequency in the EC SCs apparent inefficiency of the cAMP pathway has not been might thus be of crucial importance in setting the proper reported in any other neuronal type. For the moment, we temporal dynamics for the coordination of the multiple cortican only speculate that the EC layer II network appears to cal inputs that converge on these neurons and for the ultimate be specifically designed so that activation of the cholinergic generation of sensory representations within the hippocamand not of any monoaminergic system can induce bursting pal region. activity. Considering the nodal location of EC layer II within the temporal lobe, and given that non-SCs posses robust We thank Drs. C. Dickson and B. Jones for comments on the manuscript.
voltage-gated slow inward currents and lack, in contrast to SCs, pronounced Ca 2/ -independent repolarizing K / cur-
